In higher plants, the numbers of cytoplasmic-distributed Golgi stacks differ based on function, age and cell type. It has not been clarified how the numbers are controlled, whether all the Golgi apparatus in a cell function equally and whether the increase in Golgi number is a result of the de novo formation from the endoplasmic reticulum (ER) or fission of pre-existing stacks. A tobacco prolyl 4-hydroxylase (NtP4H1.1), which is a cis-Golgi-localizing type II membrane protein, was tagged with a photoconvertible fluorescent protein, mKikGR (monomeric Kikume green red), and expressed in tobacco bright yellow 2 (BY-2) cells. Transformed cells were exposed to purple light to convert the fluorescence from green to red. A time-course analysis after the conversion revealed a progressive increase in green puncta and a decrease in the red puncta. From 3 to 6 h, we observed red, yellow and green fluorescent puncta corresponding to pre-existing Golgi; Golgi containing both pre-existing and newly synthesized protein; and newly synthesized Golgi. Analysis of the number and fluorescence of Golgi at different phases of the cell cycle suggested that an increase in Golgi number with both division and de novo synthesis occurred concomitantly with DNA replication. Investigation with different inhibitors suggested that the formation of new Golgi and the generation of Golgi containing both pre-existing and newly synthesized protein are mediated by different machineries. These results and modeling based on quantified results indicate that the Golgi apparatuses in tobacco BY-2 cells are not uniform and suggest that both de novo synthesis from the ER and Golgi division contribute almost equally to the increase in proliferating cells.
Introduction
The Golgi apparatus is an important organelle concerned primarily with synthesis and trafficking of complex carbohydrates for the plant cell wall, and transport of proteins to vacuoles (Matheson et al. 2006) . Unlike those in animal cells, Golgi stacks in plants remain structurally and functionally intact throughout the cell cycle. This may be linked to the need for plant cells to maintain active secretion for the formation of the cell plate which defines the plane of plant cell division (Faso et al. 2009 ). In Arabidopsis shoot meristem cells, the number of Golgi stacks has been shown to double from approximately 34 to approximately 66 during the G 2 stage of the cell cycle, i.e. just prior to mitosis (Segui-Simarro and Staehelin 2006) . Cells with high secretory activity such as pollen tubes and root hairs seem to produce large numbers of new Golgi stacks depending on their task and growth status (Samaj et al. 2006) .
Although it is known that active and increased secretion is required from the Golgi apparatus during plant cell division, yet the question of how and when the Golgi proliferate remains a matter of controversy. Endoplasmic reticulum (ER)-derived de novo biogenesis and subsequent fission have been implicated in this process based on a study using brefeldin A (BFA)-treated tobacco bright yellow 2 (BY-2) cells as a model (Langhans et al. 2007 ).
However, since this de novo regeneration of the Golgi apparatus during recovery from BFA treatment is obviously an artificial situation (Langhans et al, 2007) , it has not been demonstrated in plants that intact cells operate the same process during the proliferation of cells. These same models have been proposed in mammalian cells (Ho et al. 2006) , but the actual mechanism is still under debate (Hawes et al. 2010) . Despite these revelations, the actual level of contribution of each mechanism to the increase in Golgi number has never been elucidated. Garcia-Herdugo et al. (1988) posited that Golgi stacks double in number during metaphase in onion root meristems, but Hirose and Komamine (1989) claimed that the duplication occurs during cytokinesis in synchronized cultures of Catharanthus roseus. However, in BY-2 cells, Nebenfuhr et al. (2000) could not allocate a distinctive increase in Golgi stacks to any particular phase in the cell cycle. Prior to and during cell division, increased synthesis/transportation of certain proteins and cell wall materials are necessary, and a subset of the Golgi apparatus in tobacco BY-2 cells accumulates in the phragmoplast region (Nebenfuhr et al. 2000) . In regard to the increase in Golgi apparatus during these cellular events, a question arises as to whether the pre-existing populations of Golgi carry out this function or new ones are synthesized to assist the pre-existing ones.
To be able to visualize the dynamics of the Golgi stacks in vivo physically, Hawes et al. (2010) suggested utilization of photoconvertible fluorescent proteins e.g. 'Kaede' tagged with Golgi-resident proteins. When irradiated with UV or violet light, the fluorescence emitted by populations of Golgi stacks was converted from green to red. On incubation of the tissue, the new Golgi marker protein emitted green fluorescence, and when transported to existing Golgi stacks, the protein gave a mix of red, green and yellow signals (Brown et al. 2010) . However, the use of a microscope for photoconversion has limitations in application as the condition is usually stressful to cells. In addition, the Kaede protein is not easy to use as it is a tetrameric protein that might affect localization and turnover; and the intensity of fluorescence before and after conversion is quite different. We thus chose the monomeric derivative of Kikume green red protein 'mKikGR' as a photoconvertible reporter protein because this protein shows similar intensities of fluorescence before and after conversion (Habuchi et al. 2008) . We used a cis-Golgi protein type 1 prolyl 4-hydroxylase, NtP4H1.1 (formerly called tobacco PH; Yuasa et al. 2005 ) as a Golgi marker because the cis-Golgi is not highly acidic and the acid dissociation constant (pKa) of green mKikGR is slightly acidic, which allowed sufficiently high fluorescence of mKikGR at the cis-Golgi.
Using this fusion protein, we addressed the question as to whether and to what extent do de novo formation from the ER and fission of pre-existing stacks contribute to the increase in Golgi number in proliferating plant cells using tobacco BY-2 cells as a model.
Results

Subcellular localization of NtP4H1.1-mKikGR
The previous characterization of NtP4H1.1 revealed that it is a type 1 P4H of tobacco predominantly localizing in the cis-side of the Golgi apparatus. Protein fusion with both green fluorescent protein (GFP) and monomeric red fluorescent protein (mRFP) targeted these proteins to the cis-Golgi in tobacco BY-2 cells (Yuasa et al. 2005 , Toyooka et al. 2009 , Munemasa et al. 2012 . Therefore, we expected that a fusion of NtP4H1.1 and another fluorescent protein, mKikGR (Habuchi et al. 2008) , would also be targeted to the cis-Golgi. As expected, the fusion protein (NtP4H1.1-mKikGR) expressed in tobacco BY-2 cells showed punctate fluorescent signals that are indistinguishable from the pattern of NtP4H1.1-GFP and NtP4H1.1-mRFP (Fig. 1) . Thus, we concluded that the NtP4H1.1nmKikGR is targeted to the cis-Golgi in tobacco BY-2 cells.
Differences in the population of Golgi apparatus in growing tobacco BY-2 cells
To analyze the different populations of Golgi apparatus existing in BY-2 cells at different time points of cell growth, a suspension culture of transformed BY-2 cells expressing NtP4H1.1-mKikGR at the logarithmic phase of growth in a regular Erlenmeyer flask was exposed to purple light for 3 h to convert the fluorescence of NtP4H1.1-mKikGR from green to red. After illumination, most of the fluorescent puncta in the cells emitted red fluorescence ( Fig. 2A 'After exposure'; Supplementary Fig. S2 ), an indication that the conversion of the fluorochrome of NtP4H1.1-mKikGR from green to red fluorescence was efficient under this exposure condition. In addition, we did not observe differences in the growth of cells after exposure, an indication that this exposure caused little stress, at least on the criterion of cell growth. Thus, we chose this exposure condition for the subsequent analyses.
After purple light exposure, cells were subcultured in fresh medium and cultured in the dark. Samples were collected from the culture and viewed under a microscope, and confocal images of cells at the non-cell division cycle were collected using both green and red fluorescence ranges. Optical sections of cells containing the middle of the cells and parallel to the long axis of the cells were chosen for analyses. The intensities of both the green and red signals of each dot in the cells were quantified. For controls, transformed cells without exposure to purple light were used. We first compared the intensities of green fluorescence before conversion and red fluorescence after conversion to determine whether some normalization of the values of the intensities is required for quantification. As shown in Supplementary Fig. S1 , the distribution of green and red signals before and the red after photoconversion were similar under the data collection condition used, and most of the intensities of signals were not saturated. The red signals before and the green after photoconversion were also similar, except for the appearance of some green signals after photoconversion ( Supplementary  Fig. S1 ). Thus, we chose this fluorescence recording condition for the subsequent analyses.
We analyzed the pattern of both green and red fluorescence in the cells before color conversion, just after color conversion and 6 and 12 h after color conversion. During the incubation, the green fluorescence increased in the cells but the pattern was distinct from what was seen in the control. Cells at 6 and 12 h contained more fluorescence at the perinuclear region and just below the plasma membrane, and these signals were less in the control. This suggests that a significant proportion of newly synthesized NtP4H1.1-mKikGR was still not targeted to the Golgi and possibly was retained in the ER.
We then quantified the intensities of both green and red fluorescence from Golgi puncta. For each condition or time point indicated, the ratio of the intensities of green to red signals was calculated using a total of 40 punctate dots from five randomly chosen cells. A graphical plot of the logarithm of the intensity ratio (Fig. 2B) revealed that almost all of the dots in non-converted cells showed values above +1.30, which were defined as the 'green' Golgi population, which contain <5% of the purple-converted (red) NtP4H1.1-mKikGR signal relative to the non-converted (green) NtP4H1.1-mKikGR signal. Similarly, the 'red' Golgi populations were defined as those in which the puncta had values between -2.40 and -1.30, containing >95% of purple-converted (red) NtP4H1.1-mKikGR signal relative to green NtP4H1.1-mKikGR signal. Populations of Golgi that yielded values between -1.30 and +1.30 were grouped as the 'yellow' Golgi population, and contained both 'red' and 'green' NtP4H1.1-mKikGR proteins in significant amounts.
Most of the puncta in cells after conversion were classified as either 'red' or 'yellow', and the percentage of the 'green' Golgi was always 7.5%. In all cases tested, $40-80% of the population was classified as 'red' but the percentage varied among the experiments. When illuminated cells were further grown for 6 or 12 h, the red population decreased and the green population increased over time (Fig. 2B) . This suggests that pre-existing Golgi acquired newly synthesized protein and that some of the Golgi were formed de novo during the incubation.
To gain more insight into the turnover of NtP4H1.1-mKikGR and the Golgi apparatus, a detailed time-course (B) Both green and red fluorescent punctate dots from time-course confocal images of NtP4H1.1-mKikGR-expressing cells were separately subjected to intensity analysis using Image J software, and 40 dots were analyzed for intensities per time point and for the control. Logarithms of the ratio of green to red values are represented graphically. Value ranges of 'green', 'yellow' and 'red' Golgi were defined. 'Before conversion' is a confocal image of a non-photoconverted transformed log phase cell; 'After conversion' is a confocal image of a cell immediately after photoconversion; 6 h and 12 h are confocal images of cultured photoconverted cells at 6 and 12 h, respectively.
analysis was carried out up to 48 h after color conversion. The green fluorescence appeared just after conversion and increased progressively over time. At the early time points, relatively high non-punctate fluorescence at the perinuclear region was observed which turned weaker at later time points, and green dots that correspond to the Golgi stacks became prominent (Fig. 3A) . Quantification of the number of Golgi with different colors indicated that the 'green' Golgi increased progressively from 0 h (immediately after photoconversion) up to 48 h (Fig. 3A, B) . Conversely, the 'red' (old pre-existing) Golgi decreased progressively in the cell immediately after conversion to absolutely zero per cell after 42 h (Fig. 3B) . The 'yellow' population also showed a decrease after approximately 10 h of lag time and disappeared after 45 h of culturing following the disappearance of the 'red' population. Since two out of the three observed populations of the Golgi were reduced, we determined the trend of the total number of Golgi apparatus during the experiment. An increase in the total number of Golgi stacks was observed until 12 h, after which a reduction was recorded at around 24 h, followed by a plateau. The numbers of Golgi per cell did not change more than 2-fold during the culture period ( Supplementary Fig. S3 ). To correlate this change with the growth of cells, the volume of photoconverted cells and the size of the cells were measured every 12 h for 48 h. Using this information, we calculated the relative increase of the Golgi numbers per volume of cell culture and per cell during the incubation periods. The Golgi number per volume of cell culture increased steadily up to approximately 18-fold within 48 h and this increase correlated well with the growth of cells (Fig. 3C) . The relative increase of Golgi number per cell behaved differently ( Fig. 3C) but similarly to the total number of Golgi per cell ( Supplementary Fig. S3 ).
We next analyzed the rate of increase of green fluorescence in the cells as not all the NtP4H1.1-mKikGR seemed localized in the Golgi, especially at earlier times after biosynthesis. We found that the relative increase of the green fluorescence per cell increased about 2-fold within the first 12 h and remained constant until the end of the incubation period (Fig, 3D) . Based on these data and the data of cell growth, we estimated the increase in green NtP4H1.1-mKikGR during the growth. The total intensity of green fluorescence per culture increased up to approximately 30-fold during the 48 h of incubation. We also quantified the intensity of red fluorescence in the cell during the incubation period and the change in the intensity per culture was calculated using the cellular fluorescence value and the rate of cell growth. We observed a rapid decrease in the red fluorescence in the cell. A slower but significant decrease in the red fluorescence per culture was observed (Fig. 3E ). This observation means that NtP4H1.1-mKikGR is degraded slowly, having a half-life of about 24 h with an initial lag time of approximately 8 h for our experimental conditions ( Table 1) .
We then analyzed whether the increase in 'green' Golgi during the culture could be explained by the fission and subsequent division of pre-existing Golgi after receiving the newly synthesized NtP4H1.-mKikGR. As shown in Fig. 3G , this model cannot explain the rapid and significant increase of 'green' Golgi. We also tested whether the increase in Golgi number was solely the result of de novo formation of Golgi from newly synthesized NtP4H1.1-mKikGR ( Fig. 3H ; Supplementary Fig. S4c ). This model also did not match the actual change in the populations of the Golgi. A mixed model of de novo formation from the ER and Golgi fission was then constructed considering the turnover rate of the red-converted NtP4H1.1-mKikGR ( Fig. 3I ; Supplementary  Fig. S4d ) to determine whether the change in Golgi color can be explained using a combination of these two models. The mixed model revealed a similar pattern of change to that observed in the actual data ( Fig. 3F; and Supplementary Fig.  S4a ). The model allowed us to estimate the contribution of the two pathways to the Golgi increase, and the contribution seemed almost the same during the growth of the BY-2 cells ( Table 1) .
Effect of BFA on the population change
It has been reported that BFA inhibits protein trafficking through inhibition of vesicle formation at the Golgi apparatus and other membranes (Nebenfuhr et al. 2002) . BFA treatment reverses at least the morphology of the Golgi apparatus as the washout of BFA clearly regenerates Golgi stacks in tobacco BY-2 cells (Langhans et al. 2007 ). We reported previously (Yuasa et al. 2005 ) that treatment of BY-2 cells with 14.8 mM BFA changed the distribution of NtP4H1.1-GFP to the ER. To examine the effect of BFA on the distribution of the differently colored Golgi apparatus, 12-h-old photoconverted BY-2 cells expressing the NtP4H1.1-mKikGR fusion protein were treated with 14.8 mM BFA for 60 min and then fluorescence images were collected. Thereafter, cells were washed with fresh medium without BFA and cultured in fresh medium for 2 h, and additional images were collected.
It was discovered that BFA altered the fluorescence pattern emitted by the Golgi puncta with green, yellow and red colors to a strong ER pattern of yellow fluorescence (Fig. 4A , middle planes). After 2 h of cultivation in fresh medium, the punctate pattern of fluorescence was restored in the cells, but the three populations were not clearly distinguishable. Quantification of the fluorescence intensities of the dots indicated that the regenerated Golgi contained a relatively uniform level of both green and red NtP4H1.1-mKikGR proteins (Fig. 4B) . In contrast, a control experiment without BFA did not cause the formation of uniformly yellow Golgi; in this case, red, yellow and green populations of the Golgi were distinctly observed (Fig. 4B ). These observations confirmed that the discrete, differently colored populations of Golgi apparatus that we observed during the time-course analysis represented the newly synthesized 'green' Golgi; 'yellow' Golgi containing both pre-existing and newly synthesized protein; and pre-existing 'red' Golgi. Three-day old BY-2 cells, expressing the NtP4H1.1-mKikGR fusion, were exposed to purple light for 3 h to convert the green fluorescence of mKikGR to red. Cells were analyzed for red and green fluorescence with a confocal microscope at the time points indicated. The control cells were analyzed before exposure to light. Scale bar = 5 mm. (B) Intensities of green and red fluorescent dots from time-course confocal images were analyzed separately for each time point and the ratio of green to red fluorescence was calculated using data of 40 puncta from five randomly selected cells. Percentages of 'green', 'yellow' and 'red' Golgi were calculated from the logarithm values of the green/red ratios as described in the Materials and Methods using the defined value range of 'green', 'red' and 'yellow' Golgi apparatus. (C) The relative Golgi number per culture (RelGolgiN/Culture) was determined by calculating the volume of individual cells (n = 50 cells). The actual volume of cells measured after centrifugation was divided by the calculated volume of cells and then multiplied by the average Golgi number per cell (determined by counting for each time point indicated). The values were expressed relative to the 0 h time value. Left axis: relative Golgi number per cell (RelGolgiN/Cell) was calculated by counting the puncta of Golgi as seen in the confocal images (n = 10 cells per time point). The values were presented as relative to the 0 h values for each time point. Right axis: cell growth determination. Photoconverted cells were cultured in fresh medium, and a known volume of culture was centrifuged and the sedimented volume of cell was measured. This was repeated every 12 h for 48 h. (D and E) The intensity of both the green (D) and red (E) fluorescence in the cell and culture. The intensity per culture was calculated by multiplying the average intensity per time point by the calculated volume of the cells and then the values were expressed relative to the 0 h time value. The intensity per cell was measured directly and expressed as relative values of
Effect of cycloheximide on the population distribution
To investigate the biogenesis of Golgi apparatus in BY-2 cells, NtP4H1.1-mKikGR-expressing cells were treated with a protein synthesis inhibitor, cycloheximide (CHX), for 12 h immediately after color conversion. The control sample was also treated in the same manner, but without CHX. In the presence of CHX, the number of green and yellow dots did not increase during the 12 h incubation, whereas in the control, numerous green and yellow puncta were clearly observed (Fig. 5A, B) . We also observed that the total number of Golgi stacks per cell was significantly higher after 12 h of CHX treatment (54/cell, n = 10) compared with the control (44/cell, n = 10), although both numbers were higher than at 0 h after photoconversion (28/cell, n = 10). This showed that, generally, the number of Golgi increased with time even in the presence of a protein synthesis inhibitor. The distribution of the log ratio of the intensity of fluorescence of the 0 h, non-treated photoconverted cells was nearly identical to that of the CHX-treated cells (Fig. 5B) . This observation also confirmed that the 'green' Golgi that we observed were the Golgi apparatus containing the newly synthesized protein. The higher Golgi number in CHX-treated cells can be attributed to the fact that protein synthesis is required for the turnover of NtP4H1.1-mKikGR, but generation of Golgi apparatus from ER-retained NtP4H1.1-mKikGR can take place without further supply of newly synthesized proteins.
Cell cycle and Golgi proliferation
As described above, we found that the two distinct mechanisms of Golgi proliferation are taking place during the growth of BY-2 cells. To address whether the operation of these two systems in tobacco cells takes place at different stages of the cell cycle, we analyzed the change in the color distribution of Golgi in cells at different stages of the cell cycle. We chose specific phases of cells for the comparison as cells at these phases can easily be identified by simple microscopic observation. The phases of the cell cycle that we chose are: G 1 /S phase, G 2 phase and late M phase (telophase to cytokinesis phase).
Among these phases of the cell cycle, telophase and cytokinesis phase cells can easily be identified under Fig. 2B . This was compared with three models, i.e. the 'Golgi fission' (G), 'de novo formation from ER' (H) and 'Mixed model of both de novo formation from ER and Golgi fission' (I) that were calculated using the same intensity distribution values for 0 h in the actual data (F) as the starting point. the microscope. In terms of the difference between G 1 /S and G 2 cells, we had an impression though our routine observation of dividing BY-2 cells that the length of the nucleus is longer in G 2 than in G 1 and S phase cells. Before we analyzed the Golgi number, we confirmed our impression about the dimension of the nucleus by comparing the length, breadth and the intensity of DNA in the nuclei (or condensed chromosome region at telophase) after 4 0 ,6-diamidino-2-phenylindole (DAPI) staining. The intensity of the DAPI stain was highest at the G 2 phase and was approximately halved at late M phase (Fig. 6A, Table 2 ). The possible G 1 /S phase cells, having globular nuclei, showed an intensity between these phases. We also measured the length and breadth of the nucleus as seen with DAPI stain and confirmed that the longest nucleus was at the G 2 phase ( Table 2) . A scatter plot of DAPI signal intensity vs. the length of nuclei (or the condensed chromosome region at telophase) ( Supplementary Fig. S5 ) clearly indicated a correlation between the length of the nucleus and the DNA content in the nuclear region. Based on these observations, we classified cells having a nucleus 11.4 mm or longer as G 2 phase cells, cells with nearly globular nuclei of around 8 mm in diameter as G 1 /S phase cells and cells having two condensed nuclei and a cell plate as late M phase cells.
Transformed cells were photoconverted to red, washed with fresh medium, and confocal images were taken at 0, 6 and 12 h after the cells were transferred into fresh medium. The numbers of Golgi stacks (green, red and yellow) were counted from the 1-mKikGR fusion protein were exposed to purple light for 3 h, washed three times with fresh medium, subcultured in fresh medium, immediately treated or not with 100 mg ml -1 CHX and cultured in the dark for 12 h. Samples of treated (+CHX) and untreated (-CHX) cells were then analyzed by confocal microscopy for green and red fluorescence. Scale bars = 10 mm. (B) Intensities of green and red fluorescent dots were analyzed separately for each treatment including 0 h, or immediately after photoconversion as described in the legend to Fig. 2B . C, immediately treated with DAPI at a concentration 2.0 mg ml -1 for 5 min and epifluorescence images were collected (upper). Scale bar = 10 mm. The intensity of the nucleus was measured using Image J software. Bar charts indicate the average level of the DAPI intensities (n = 10). Error bar, SD. The length and breadth of the nucleus were also measured (indicated with white arrows) from the DAPI stains for each of the phases and the values are represented in Table 2 . (B) Log phase transformed cells were photoconverted, washed with fresh medium and immediately cultivated in the dark using fresh medium. Images of cells at different phases of the cell cycle, namely G 1 /S, G 2 and late M phase (M: telophase and cytokinesis phase), were collected. White arrowheads point to the cells of interest. Scale bar = 10 mm. (C-E) For each phase of the cell cycle, the 'green', 'red' and 'yellow' Golgi apparatus in the form of dots in the confocal images were counted (n = 10 cells) for each time points including 0 h (C), 6 h (D) and 12 h (E). The total number of Golgi apparatus per phase was included. 0 h means immediately after photoconversion; 6 h and 12 h mean 6 and 12 h after photoconversion. confocal images taken at the different time points and different phases of the cell cycle. In the case of late M phase cells, the number of Golgi apparatus between the cell plate and one of the ends of the cell were counted as this value represents the number of Golgi during or just after cytokinesis in daughter cell.
At all the time points tested, the distribution of 'green', 'yellow' and 'red' Golgi in the different phases of cells were not clearly distinguishable (Fig. 6B) . Generally, there was an increase in the total number of Golgi stacks from G 1 /S to G 2 , becoming half of the G 2 value at late M phase as a result of cell division (Fig. 6B) . The trend in the numbers of Golgi correlated well with the content of nuclear DNA measured by DAPI stain (Fig. 6 ) regardless of the time points analyzed.
Analyses of traffic and other inhibitors that affect the proliferation of Golgi
To investigate the mechanism of the proliferation of the Golgi apparatus, we analyzed the effect of different inhibitors on the growth rate and color change of the Golgi apparatus (Fig. 7) . Immediately after conversion of the green fluorescence of Golgi into red fluorescence, different inhibitors were added to the cell suspension and the cells were cultured for 12 h. The images of the cells were collected and analyzed. The cell volume was also measured at the end of the treatment for each inhibitor tested. We used 2,3,5-triiodobenzoic acid (TIBA; 17.8 mM), which is a compound that stabilizes the actin bundle (Dhonukshe et al. 2008) , ikarugamycin (20 mM), which is an inhibitor of clathrin-mediated endocytosis in tobacco (Onelli et al. 2008) , MG-132 (200 mM), which is an inhibitor of proteasomes at low concentration and also inhibits other proteases, wortmannin (6.5 mM), which is an inhibitor of phosphatidylinositol kinases and also inhibits phospholipid biosynthesis in tobacco BY-2 cells (Matsuoka et al. 1995) , 3-methyl adenine (3MA; 5 mM), which inhibits autophagy (Takatsuka et al. 2004) , and E-64 (20 mM), which is an inhibitor of cysteine proteases and prevents autophagic degradation in tobacco BY-2 cells (Moriyasu and Ohsumi, 1996) .
After 12 h of treatment, all the inhibitors tested prevented the formation of 'green' Golgi as shown by confocal microscopy images and their analyses (Fig. 7A, B) . Ikarugamycin showed a different pattern of fluorescence compared with the other inhibitors and seemed to prevent formation of 'yellow' Golgi. Other inhibitors did not prevent the formation of 'yellow' Golgi (Fig. 7B) . More 'red' Golgi were found in ikarugamycintreated cells (similar to 0 h immediately after photoconversion) compared with the control (Fig. 7B, C) . To reaffirm the effectiveness of ikarugamycin, the distribution of the intensity of fluorescence at 12 h after color conversion with this inhibitor was compared with the intensities immediately after photoconversion. The patterns of the intensities were nearly identical (Fig. 7C) , suggesting an effective inhibitory activity of ikarugamycin on the transport of newly synthesized proteins into the Golgi apparatus.
The effect of inhibitors on the growth of the cells revealed that growth was significantly inhibited by ikarugamycin treatment compared with the control and other inhibitors tested (Fig. 7D) . As the fluorescence pattern of ikarugamycin-treated cells resembled that of CHX-treated cells and all the inhibitors tested prevented the formation of 'green' Golgi, we tested whether the treatment of these inhibitors prevented the synthesis of NtP4H1.1-mKikGR. Proteins were extracted from cells that had been incubated with or without inhibitors for 12 h after color conversion, separated by SDS-PAGE after partial denaturation and the bands of NtP4H1.1-mKikGR were visualized by fluorescence recording. The intensity of the green fluorescence of NtP4H1.1-mKikGR was then quantified. Control protein from cells just after color conversion was included. The result of this analysis showed a relatively high level of 'green' NtP4H1.1-mKikGR protein in the ikarugamycin-treated cells followed by MG132 when compared with the control (Fig. 7E) . This observation indicated that all the inhibitors, including ikarugamycin, did not prevent the synthesis of NtP4H1.1-mKikGR.
We tried to quantify the 'red' converted NtP4H1.1-mKikGR using the same method, but for unknown reasons we could not visualize red NtP4H1.1-mKikGR bands by this method.
Discussion
NtP4H1.1 is a type II membrane protein localizing in the cisGolgi of BY-2 cells (Yuasa et al. 2005) . When fused with mKikGR, this protein was targeted to the Golgi apparatus. Using this marker and exploiting the nature of the color conversion of mKikGR (Habuchi et al. 2008) , three different types of Golgi population were identified in BY-2 cells (Fig. 2) . These Golgi stacks correspond to the pre-existing Golgi (red), newly synthesized Golgi (green) and Golgi containing both the pre-existing and newly synthesized proteins (yellow). The newly synthesized population increased progressively over time (Fig. 3B ) in order to ensure an equal distribution of Golgi apparatus between the two daughter cells during cell division (Garcia-Herdugo et al. 1988 , Segui-Simarro and Staehelin, 2006 , Toyooka et al. 2009 ) and to maintain the active secretion essential for cell growth. On the other hand, the pre-existing red Golgi decreased progressively over time (Fig. 3B, Supplementary S4a) , possibly due to the division of Golgi after acquiring newly synthesized protein which depleted the intensity of the red signal. Also, the reduction might be partially due to the turnover of the protein over time. The 'yellow' Golgi also decreased after approximately 10 h of lag time and steadily decreased thereafter.
The difference in the rate of decrease of 'red' and 'yellow' Golgi and the increase of 'green' Golgi at earlier time points of analysis (Fig. 3) indicated that both the de novo synthesis of Golgi from the ER and the division of pre-existing Golgi after accepting newly synthesized protein from the ER are taking place in proliferating BY-2 cells at the same time. This observation is clearly different from the Golgi regeneration events in BY-2 cells observed at the stage of recovery from BFA treatment (Langhans et al. 2007 , Ito et al. 2012 . In this case, Golgi proteins that are localized in both the ER and small vesicles by the action of BFA first regenerated relatively wide Golgi apparatus and then divided to form individual Golgi with regular size (Langhans et al. 2007 ). In addition, the Golgi regenerated after BFA washout did not show any segregation of old (red) and newly synthesized (green) NtP4H1.1-mKikGR (Fig. 4) . This situation is completely different from our observation without inhibitors as both the Golgi division and de novo formation take place at the same time (Figs. 2, 3) . As a result, different Golgi apparatus might have a different proportion of proteins with different ages of proteins. In the future, it will be interesting to analyze whether Golgi apparatus at different ages (as observed here) can show different trends of movement in the cell as observed in Arabidopsis root cells (Akkerman et al. 2011 ).
The kinetic difference in the decrease of 'red' and 'yellow' Golgi might indicate that 'red' Golgi were converted to 'yellow' Golgi after accepting 'green' NtP4H1.1-mKikGR and then dividing into new Golgi. Actually, the 'Golgi division' model partly explains the decrease in the 'red' and 'yellow' population of the Golgi over time (Fig. 3I) but cannot explain the rapid increase in 'green' Golgi (Fig. 3F ). An alternative model to explain the increase in 'green' Golgi is that the Golgi apparatus was generated de novo from the newly synthesized protein (Fig. 3H) . However, this mechanism alone cannot explain the kinetics of the decrease of 'red' and 'yellow' Golgi. The actual situation appeared to be a mixed case of these two extreme models as well as the turnover of NtP4H1.1-mKikGR (Fig. 3G, H) as the mixed model in Fig. 3I fits well to the actual data. This mixed model allowed for the explanation of the decrease in both 'red' and 'yellow' Golgi over time as well as the increase in 'green' Golgi. In other words, this analysis indicated that tobacco BY-2 cells have two mechanisms/pathways to increase the number of Golgi during cell proliferation. One is the Golgi division after accepting Golgi proteins from the ER and the other is the de novo formation from the ER. During proliferation of BY-2 cells, about half of the Golgi stacks were found to be contributed by the de novo formation pathway while the rest were as a result of division of the pre-existing Golgi. The reduction in the 'red' Golgi stacks might be as a result of both division of Golgi and the turnover of NtP4H1.1-mKikGR with relatively slow (24 h) half-life.
The presence of both the de novo synthesis and Golgi division mechanisms in tobacco BY-2 cells is also supported by the analysis using inhibitors (Fig. 6 ). All the inhibitors tested prevented the formation of 'green' Golgi, suggesting that the de novo formation of Golgi is sensitive to many inhibitors. In contrast, all except ikarugamycin did not prevent the increase of 'yellow' Golgi formation (Fig. 6B) . Thus ikarugamycin inhibits both the de novo synthesis and Golgi division. These difference in the sensitivity also supported that the mechanism to generate new Golgi and Golgi division are distinct.
The effect of ikarugamycin, which is a known inhibitor of clathrin-mediated trafficking, is particularly interesting as this inhibitor prevented both the 'yellow' and 'red' Golgi but did not prevent the synthesis of NtP4H1.1-mKikGR (Fig. 7) . It was reported recently that seeds of Golgi (that might be small vesicles) which are too small to visualize with a regular optical microscope, are present in tobacco BY-2 cells (Ito et al. 2012) . Numbers of such vesicles increase the ability of cells to recover from BFA treatment than regular, non-BFA-treated cells (Ito et al. 2012) . It was also reported recently that clathrin is required for the reassembly of fragmented Golgi-derived vesicles at the post-mitotic phase of the cell cycle in mammalian cells (Radulescu and Shields 2012) . Thus it is possible that in ikarugamycin-treated cells, the newly synthesized NtP4H1.1-mKikGR with green fluorescence, which could only be detected by SDS-PAGE and fluorescence recording (Fig. 7E) but not with confocal microscopic image collection (Fig. 7A) , localized in vesicles such as the seed of the Golgi. Assembly of such vesicles into Golgi might be inhibited by ikarugamycin. Thus it will be interesting in the future to address this possibility with both super-resolution fluorescence microscopic and electron microscopic analyses.
As described above, we found many inhibitors that prevented the formation of 'green' Golgi. These included compounds known to inhibit several biochemical steps, including phospholipid metabolism and polypeptide hydrolysis. We have not analyzed whether the increase in 'yellow' Golgi in inhibitortreated cells occurs solely as a result of the acquisition of newly synthesized protein or whether it is the result of both the acquisition and Golgi division. We also have not analyzed whether the target of the inhibitors that we used here is the known target of the inhibitors for other already reported cellular events. Further morphological characterization using electron microscope and biochemical analysis of the de novo formation of the Golgi will be needed to determine whether the inhibitors tested here prevent Golgi division, and this will lead to a better understanding of the de novo formation of the Golgi apparatus.
The higher number of Golgi stacks at the G 2 phase of the cell cycle (Fig. 6 ) might have resulted from the need for the synthesis of new 'green' Golgi and division of pre-existing 'red' ones in the cellular response to preparation for cell division and to have an equal sustainable number of Golgi stacks in the daughter cells. This underscores the fact that new Golgi can be produced in the cell to assist the pre-existing Golgi when needed. The higher numbers of Golgi in G 1 /S phase cells than in late M phase cells suggested the possibility that the proliferation of Golgi stacks occurs in synchrony with nuclear DNA synthesis during the cell cycle. Although synchronization of the tobacco BY-2 cell cycle as established by Nagata and Kumagai (1999) would have helped more in comparing the exact timing of Golgi proliferation and DNA synthesis, we did not take such an approach because it is basically the treatment of stationary phase cells with aphidicolin. This decision was based on the fact that authophagy takes place in BY-2 cells at stationary phase (Toyooka et al. 2006) , during which cells are under nutrient starvation conditions. Since a subtle change in nutritional conditions, i.e. changing cells into fresh medium and a subsequent higher level of aeration (opening the cover of the culture flask frequently for sampling), caused a transient increase in Golgi number and kept the relatively high number up to the end of the 48 h of the experiment (Fig. 3) , analysis of the Golgi increase using the established protocol of cell cycle synchronization will not be able to dissect whether the increase in Golgi number after the release of cell cycle arrest is the result of cell cycle progression or release from starvation. Actually, our preliminary analyses suggested that the level of nutrients affects the nature and number of Golgi apparatus in BY-2 cells (S. Asatsuma, M.O. Abiodun and K. Matsuoka, unpublished result). Thus future development of a cell cycle synchronization protocol without nutrient starvation will be necessary to compare the timing of the increase in Golgi apparatus and other events in cell cycle progression.
In this work, we used NtP4H1.1 as a Golgi marker and mKikGR as a reporter protein. Because we had to fuse the fluorescent protein to the luminal domain of NtP4H1.1, we could not apply the same method to other type II membrane proteins localized on the trans-side of the Golgi based on the difference in the pH in the different lumen of the Golgi where the trans-side is more acidic than the pKa of the fluorescent protein. Thus, our result is an example of the analysis, and future confirmation using other proteins will be necessary to clarify the whole process of the maintenance of Golgi in proliferating plant cells. For this purpose, alternative and more pH-resistant color-convertible fluorescent proteins will be necessary when using a type II membrane protein as a reporter, since many of the Golgi proteins including glycosyltransferases are type II membrane proteins. In addition, future analysis using different proteins with a similar approach will be necessary to determine which of the mechanisms reported here is the predominant mechanism of Golgi biogenesis in proliferating plant cells.
Materials and Methods
Construction of plasmid and transformation into BY-2 cells
NtP4H1.1 plasmid was constructed as described previously (Yuasa et al. 2005 ; formerly called tobacco PH). The cDNA encoding NtP4H1.1 was amplified by PCR using primers that contain BamHI and NcoI sites. The resulting fragment was fused to BamHI-and NcoI-digested sites of photoconvertible fluorescent protein, mKikGR (MBL, Japan). The NtP4H1.1-mKikGR fragments were then cloned into BglII-and HindIII-digested binary vector, pMAT 137 (Yuasa et al. 2005) . These were then used to transform tobacco BY-2 cells, using Agrobacterium as described previously (Matsuoka and Nakamura, 1991) .
Cell culture
Cultures of tobacco BY-2 cells were carried out as described previously (Matsuoka and Nakamura 1991) . The cell lines used were wild-type BY-2 cells and BY-2 cells expressing NtP4H1.1-mKikGR. Three-day-old (log phase) cells were used in this experiment.
Photoconversion of NtP4H1.1-mKikGR-expressing cells
A 100 ml aliquot of the culture of log-phase-transformed cells, in an 300 ml Erlenmeyer flask, was exposed to purple light from a 100 W black light bulb (H100BL-L, Toshiba), which emits violet light capable of irreversibly converting the green fluorescence of the mKikGR protein to red fluorescence at a wavelength between 300 and 450 nm. This exposure, carried out with care to minimize various stresses on the cells, lasted for 3 h with gentle shaking. After 3 h, the cells were collected by sedimentation, washed with fresh medium three times and then cultured in fresh medium under dark conditions for the indicated periods of time for subsequent analyses.
Treatment with chemicals
For BFA treatment, 5 mg ml -1 stock solution of BFA in dimethylsulfoxide (DMSO) was prepared. This was used at a final concentration of 3.3 mg l -1 for 60 min at room temperature with gentle shaking. The BFA was added after 12 h of subculturing the photoconverted cells. Control experiments were performed similarly with an equal amount of DMSO in place of BFA. The BFA was washed off with fresh medium three times and dark-cultured in fresh medium for another 2 h. CHX dissolved in DMSO was added to the color-converted cells at a final concentration of 100 mg ml -1 just when transferring the cells into fresh medium. These were dark-cultured at room temperature for 12 h and images were collected. The control experiment was performed similarly but with DMSO.
An equal volume of log phase photoconverted cells was washed with fresh medium three times, cultured in fresh medium and immediately treated with different inhibitors for 12 h. We used TIBA at a concentration of 17.8 mM (Aldrich Chem. Co.), ikarugamycin at a concentration of 20 mM (Biomol Research Labs Inc.), MG-132 at a concentration of 200 mM (Calbiochem Inc.), wortmannin at a concentration of 16.5 mM (Calbiochem Inc.), 3MA at a concentration of 5 mM (Sigma-Aldrich, Inc.) and E-64 at a concentration of 20 mM (Peptide Institute, Inc.). For growth rate measurement, equal volumes of 12 h inhibitor-treated cells were centrifuged and the volume was measured and recorded.
SDS-PAGE and fluorescence recording
Log phase BY-2 cells (transformed and control) were sedimented from culture medium by centrifugation, mixed in an equal volume of phosphate-buffered saline (PBS) and subjected to two 30 s sonication pulses at level 2.5 with a Bioruptor UCD-200TM sonicator (CosmoBio). The homogenates were centrifuged at 3,000 r.p.m. for 10 min at 4 C and the supernatant collected. The supernatant was added to SDS sample buffer, mixed briefly by vortexing, immediately applied to wells of 12.5% polyacrylamide gel without heating and separated by electrophoresis. The gels were scanned with a Typhoon 9400 scanner (GE Healthcare Bio-sciences) using a 488 nm excitation laser at a setting of 650 V, with a 526SP emission filter to detect the green fluorescence, and a 532 nm excitation laser at a setting of 450 V, with a 580BP30 filter to detect the red fluorescence bands. Images were analyzed using ImageQuant software, version 5.0 (Molecular Dynamics).
Fluorescent microscopy
Tobacco cells were mounted on a glass slide and then their green and red fluorescence were observed using an Olympus IX80 inverted fluorescence microscope equipped with a DSU confocal unit and an Uplan SApo 40Â/0.90 lens using GFP and RFP excitation/emission filter sets (Olympus). Images were collected at different time points as indicated using an iXON+-DU888E-CS0-BV camera (Andor) under the control of Meta Imaging Series 7.6.3 software (Molecular Devices Inc.). Stored multicolor tiff files were used for the quantification of red and green signals.
Quantification and calculation of the ratio of green and red signals in the Golgi
Using the two colors and 256 digit tiff file, intensities of dots were measured using image J software (Abramoff et al. 2004) . Thereafter, the ratio of green signals to red signals was calculated. If the intensity value was zero, we substituted 1 as the intensity value in order to calculate the ratio. The log 10 value of the ratio was further calculated and used to define 'green', 'yellow' and 'red'. All the quantification experiments were repeated at least twice and essentially identical results were obtained. A representative result is shown in the figures.
Quantification of the intensity of green and red fluorescence in cells
Using the two colors and 256 digit tiff file of confocal images, the intensity of green and red fluorescence of G 1 /S phase cells as defined by the length of nuclei was quantified using Meta Imaging Series 7.6.3 software (Molecular Devices Inc.). The value of the 1.5 power of the intensity value was used as the volumetric intensity in the cell for the calculation of the kinetic parameters of the decrease in red fluorescence.
For each time point, intensities of 10-18 cells were quantified and the average of the volumetric intensity at each time point was used for the calculation of relative intensity. Relative intensity at each time point was calculated by dividing the average volumetric intensity at each time point by the average volumetric intensity at zero time.
Modeling
To estimate the lag time and half-time of the decrease in red fluorescence, the relative intensities were fitted to an exponential equation of decrease with lag time. Best-fit parameters were calculated by best-fitting the estimated curve using Excel software.
For the Golgi fission model, the percentage of each color was calculated with an assumption that all the 'red' and 'yellow' Golgi accept 'green' NtP4H1.1-mKikGR evenly and that the concentration of 'red' NtP4H1.1-mKikGR in Golgi stacks decreases at a rate reciprocal to the increase in the number of Golgi apparatus. Based on the parameters of the net increase in Golgi number in a unit volume of culture, the relative intensities of 'red' and 'green' color in Golgi at each time point were calculated from the intensities of both colors in each Golgi measured at zero time. Thereafter each Golgi was classified as 'red', 'yellow' or 'green' classes using the calculated value.
For the de novo formation model, we assumed that all the decrease in percentage of 'red' and 'yellow' Golgi was the result of the synthesis of new 'green' Golgi. Percentages of each color of Golgi at different time points were calculated.
The mixed model was constructed as follows. The values of red intensity for the Golgi fission model were rectified by multiplying the value of the estimated decrease calculated by the parameters of the decrease in red color. Using this compensated value, the percentage of 'red' and 'yellow' Golgi in the rectified Golgi fission model was calculated. The percentage of 'yellow' and 'red' Golgi for the de novo formation model was also rectified by multiplying the value of the estimated decrease calculated by the parameters of the decrease in red color. Using the values of these rectified models at each time point, the contribution of each model to the actual data was calculated by using the best-fit method.
Cell cycle analysis
To estimate the cell cycle using the length of nuclei, transformed cells at logarithmic phase of growth were killed at 75 C, immediately treated with DAPI at a concentration 2.0 mg ml -1 for 5 min and then fluorescence images of different cell cycle phase were taken using a filter set for DAPI (Olympus). The intensity of the DAPI fluorescence and the length of nuclei were measured using Image J software.
Transformed cells were photoconverted, washed with fresh medium and incubated in the dark as described above. Confocal images of cells at different phases of the cell cycle (defined either by the measurement of the length of nuclei or microscopic observations) were collected at 0, 6 and 12 h after conversion.
Supplementary data
Supplementary data are available at PCP online. 
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